tain weekly standard Kt/V 1 2.0. The patients were then returned to their conventional 3 days/week of HD with UF and studied for 4 weeks. Predialysis BPs, interdialytic weight gains, and Kt/V results of the experimental and return periods were compared with those of the 3-month control period. No changes were made in antihypertensive or other medication during the study. Results: During the experimental period, mean arterial pressure decreased from 110 to 95 mm Hg (p ! 0.001), systolic BP from 158 to 136 mm Hg (p ! 0.001), while interdialytic weight gains were reduced from 3.25 to 1.21 liters (p ! 0.0001). During the experimental period, weekly standard Kt/V of 2.16 was achieved in 8.24 h/ week of HD, as compared to 11.14 h/week. Conclusions: Volume control with daily UF results in improved BP control and, by separating the UF function from HD, adequate weekly standard Kt/V 1 2 can be achieved with twice weekly HD.
Introduction
The mortality of end-stage renal disease (ESRD) patients in the United States is approximately 20% per year. It is even higher among diabetic patients, and is 5 times higher than in the general population [1] . Cardiovascular
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Daily ultrafiltration ؒ Hemodialysis ؒ Hypertension Abstract Background: Although prior studies have shown that frequent hemodialysis (HD) can lead to improved control of dry weight in end-stage renal disease patients, there are no clinical studies examining whether this can improve blood pressure (BP) control and can also shorten the dialysis time needed to achieve satisfactory removal of small molecules. Several models of wearable dialysis systems are now under various stages of development. These devices present the possibility of hemodialyzing patients to their dry weights. We have built a prototype of a wearable ultrafiltration (UF) device that can provide daily UF. Apart from better fluid control, we hypothesize that separating HD from UF will result in better BP control, and adequate weekly small molecule removal could be achieved with a decreased duration of dialysis. We tested the hypothesis in current HD patients using conventional dialysis equipment. Methods: Thirteen patients were selected from a large urban HD center. The experimental period consisted of 4 weeks of daily UF (4 days/ week of UF alone and 2 days/week of HD with UF). The duration of the HD sessions was increased by 15-30 min to main-disease accounts for the largest number of deaths among ESRD patients with hypertension as its single most important predictor [2, 3] . Medicare recognizes the severity of this problem by mandating that each ESRD patient's treatment plan 'renders the patient euvolemic and normotensive'; specifically blood pressure (BP) should be 'reduced to ^ 130/80 with minimal use of medications' [4] .
Chronic fluid overload and the inability to maintain dry weight play a major role in the generation and prevalence of hypertension among ESRD patients [5] . Up to 93% of the ESRD patients in the United States rely on incenter hemodialysis (HD). While improved control of hypertension has been reported with treatment models such as six times per week in-center HD or nocturnal dialysis, there is no frequent HD system that is economically feasible or not so burdensome for the patient and clinical staff as to be practical to the broad demographic of ESRD patients [6] [7] [8] . Less than 1% of ESRD patients in the United States receive home HD, probably because of the bulk, complexity, and infrastructure requirements needed for home therapy, as well as reimbursement considerations. Overall, only a minority (1/5th) of the patients are interested in more frequent in-center HD schedules [9, 10] . A simple, economically feasible system which would reduce fluid overload could thus have a major impact on the morbidity and mortality of ESRD patients.
Since the 1980s, there has been steadily increasing interest in developing wearable dialysis systems [11] [12] [13] . We have built a prototype of an ambulatory ultrafiltration (UF) device that can remove fluid continuously. The device is currently being tested on animals, and is based on plasmapheresis at high blood shear rates through a flat silicon nitride microfilter consisting of millions of uniform pores and having a surface area of ! 10 cm 2 . The resultant plasma, only, then flows through a conventional hollow-fiber ultrafilter with a surface area of just 250 cm 2 . The greatly reduced blood contact area and short contact time allow the system to deliver a continuous UF rate of 60 ml/h without the need for anticoagulation [14] .
Our hypothesis is that by maintaining HD patients as close to their dry weight as possible, BP will be better controlled, while separating HD from UF will result in adequate removal of small molecules with decreased weekly dialysis time. The concept that separating UF from HD results in more efficient removal of small molecules during HD has been documented, but its effectiveness has not previously been shown in a therapeutic setting [15] .
Patients and Methods
Thirteen ESRD patients on chronic HD were recruited at the Upper Manhattan Dialysis Center in New York City; all were 6 18 years of age, and had been treated for at least 3 months. These patients were representative of the general population at that center (see table 1 ). All patients were hypertensive with a mean predialysis sitting BP of 6 135/85 mm of Hg. All patients had residual renal clearance ! 1.5 ml/min per 35 l of (urea) volume and predialysis serum sodium levels of 1 136 mEq/l.
Adequate sample size was determined from the work of Kooistra et al. [16] . Power analysis was based on a paired t test comparing subjects' hemodynamic control outcomes at baseline with their 8-week outcomes, following O'Brien and Muller's approach [17] . Sample size was determined setting alpha at 0.05 and power at 0.80. Outcomes included systolic and diastolic BP, mean arterial pressure (MAP), and UF volume. Suggested sample sizes ranged between 9 and 13 patients.
The study consisted of three phases: the 'control phase' (the 3 months prior to the daily UF phase), the 'daily UF phase' and the 'return phase'. There were no changes made in subjects' anticoagulation regimes, blood flow rates, dialysate flow rates, vascular accesses, or the methodologies used to measure BP (electronic cuff on the machine). Outcome data were measured on each treatment day during both the daily UF and return phases.
In the control phase (phase I), baseline 3-month retrospective data were collected for all 13 patients prior to initiation of the daily UF phase.
In the daily UF phase (phase II), each patient received UF only, using conventional dialysis equipment at the HD center, on Monday, Wednesday, Thursday, and Saturday, and HD and UF on Tuesday and Friday for 4 weeks. The study center was closed on Sundays, so this study simulated daily UF with 6 treatments per week. On UF-only days, the blood flow rate was set at 200 ml/min, the minimum UF rate was set at 250 ml/h, and the maximum UF time could not exceed 4 h. Also during this phase, no changes were made to a patient's HD prescription (e.g. dialyzer, dialysis fluid, blood flow, dialysis flow, and UF prescription), except that Figures represent numbers or means as appropriate. T here was no significant difference (Bonferroni-adjusted p value = 0.01) between the eligible study population and study group with respect to their interdialytic weight gain, UF volume, HD treatment time, Kt/v, and predialysis BP.
with the concurrence of the IRB, the dialysis time was increased by 15-30 min per session to ensure that the patient's target standard Kt/V was 6 2.0.
During the return phase (phase III), all patients resumed their prior schedule of three weekly HD and UF sessions for 4 weeks.
Systolic and diastolic BPs were measured before and after treatments. MAP was determined from the formula MAP = [systolic BP + (2 ! diastolic BP)]/3.
Target weight for UF was determined as the amount of excess fluid to be removed at every treatment session in accordance with the historical practice of comparing predialysis weights with the patient's estimated dry weight at the study center. The pretreatment weight at each visit was subtracted from the estimated normal hydration state using conventional clinical assessment methods. In other words, the total volume difference between current and estimated normal hydration was removed in one treatment. Additionally, whole-body and calf bioimpedance was measured at the same time using a multifrequency bioimpedance spectroscopy (BIS) analysis with the Hydra 4200 Monitor (Xitron Technologies, San Diego, Calif., USA), performed once per week, before and after dialysis, and expressed as a percentage of total body water (TBW). Extracellular (ECV) and intracellular fluid volumes in the body were calculated according to resistance and reactance from frequencies of 5-1,000 kHz by whole-body BIS [18] . A previously published study established hydration state using calf normalized resistivity (nRho) at 5 kHz [19] . Bioimpedance measurement was performed once per week before and after dialysis (15 min) with the patient in the supine position. The degree of hydration in patients was expressed by normalized resistivity nRho. The normal range of nRho was defined when nRho 1 18.3 ( ⍀ ؒ m 3 /kg) ؒ 10 -2 in males and 1 20 ( ⍀ ؒ m 3 /kg) ؒ 10 -2 in females [18] . The KDQOL-Short Form questionnaire was self-administered to all patients before and after the daily UF phase [20] . Blood urea nitrogen, serum phosphorus, potassium, and creatinine were measured each week during both phases of the study, on Friday during the daily UF phase and, on Thursday or Friday, during the return phase.
A general linear model repeated-measures analysis of variance was conducted for all outcomes in which the three study phases were compared to one another [21] . If the overall model was statistically significant, the mean for each phase was compared with the means of the other phases with a Tukey adjustment for multiple comparisons [22] .
Since multiple outcomes were being assessed, the critical value for statistical significance was Bonferroni adjusted [23] .
Results

Patient Population
Baseline clinical characteristics are shown in table 1 . There was no significant difference (Bonferroni adjusted p value = 0.01) between the eligible study population and the study group with respect to their interdialytic weight gain, UF volume, HD treatment time, Kt/V, and predialysis BP.
For both the BP and dialysis adequacy outcomes below, the critical p value was Bonferroni adjusted. Significant findings are based on a p value ! 0.01.
Blood Pressure
Predialysis systolic and diastolic BPs were lower as compared to baseline in 11 of 12 patients in the study group during the daily UF phase. Table 2 demonstrates the average predialysis systolic, diastolic, and mean arte- rial BP for the 12 subjects during the 3 months prior to initiation of the study, the daily UF phase, and the return phase. There were statistically significant differences among the study phases in each of the three outcomes 
Dialysis Adequacy
In the control phase, the study group had an average standard Kt/V of 2.55 with an average interdialytic weight gain of 3.25 l. Table 3 lists the weekly HD treatment time, average eKt/V, average standard Kt/V, and interdialytic weight gain during the study. The formula used for calculating standard Kt/V is available online (http://www. hdcn.com/calcf/ley.htm), and requires the urea reduction ratio value for computation [24] . As per protocol, the dialysate flow at the study HD center is 1.5 times the blood flow rate. The maximum blood flow rate is between 450 and 500 ml/min depending on the patient's type of vascular access. No changes were made in the type of access or the blood flow rate over the duration of the study.
Mean URR increased from 72.7 to 76.7 (p = 0.0011) between the control phase and the daily UF phase. There was a 23.3% decrease in dialysis time during the daily UF phase, which was statistically significant (t 21 = 9.02; p ! 0.0001), while standard weekly Kt/V was 1 2.0. The average interdialytic weight gain decreased by 62% from 3.25 to 1.21 liters during the daily UF phase, which was statistically significant (t 21 = 9.38; p ! 0.0001).
In the control phase, the study group had average phosphorus of 5.69 mEq/dl, potassium of 4.84 mEq/dl and hemoglobin of 11.6 g/dl. There was no significant change in values during the daily UF phase: phosphorus 5.93 (p = 0.54), potassium 4.99 mEq/dl (p = 0.17), and hemoglobin 12.04 g/dl (p = 0.19).
Quality of Life
Twelve patients answered the KDQOI-Short Form questionnaire at the start and conclusion of the daily UF phase. Although the results showed a trend toward an improvement, no statistically significant changes in energy/fatigue, effects of kidney disease, cognitive function, quality of social interaction, and symptoms before, dur- ing, and after dialysis were seen. Table 4 lists the comparison of QOL measures between daily UF and twiceweekly HD as compared to conventional HD (3 ! /week) using a Bonferroni adjusted p value of 0.002.
Body Bioimpedance
The body fluid volume (ECV and TBW) were significantly decreased, and calf nRho was increased during HD due to ECV removed by UF. Comparison of the daily UF and return phases shows that body weight, ECV and nRho differ significantly at predialysis. However, no difference was observed at the postdialysis measurement ( table 5 ) .
Postdialysis bioimpedance measurements were done 15 min after the end of HD session. These data imply that the patients were not at their dry weight when receiving conventional 3 ! /week HD treatment.
Adverse Events
Thirteen patients were recruited for the study. One patient had a graft infection during the first week of the daily UF phase and was withdrawn from the study. Another patient (No. 8) developed lower back pain during the return phase and was hospitalized. Twelve patients completed the study without any serious adverse events.
Discussion
Adequate control of BP in HD patients is a major clinical problem in ESRD patients. Only 30% of hypertensive HD patients achieve effective BP control [25] . In fact, ESRD patients typically begin their dialysis session with MAPs above 100 mm Hg [26] . An important impediment to BP control is the great variation in volume that occurs routinely between dialysis sessions. While HD successfully removes metabolic solutes and uremic toxins, the HD session is frequently associated with inadequate fluid removal. In order to reach their estimated dry weight, patients require aggressive UF rates, typically 1.0-1.5 l/h, just to remove excess fluid, often resulting in nausea, cramping, and episodes of hypotension and cardiovascular instability [27] [28] [29] . Diabetics, the largest single group C omparison of the UF and HD phases shows that body weight, ECV and nRho differed significantly before dialysis. However, no difference was observed at the postdialysis measurement. These data imply that the patients were not at their dry weight when receiving three times weekly treatment. ICV = Intracellular fluid volume; n.s. = no statistical difference.
of patients with ESRD, gain 30-50% more weight in interdialytic periods compared to non-diabetics [30] . The correlation between excess volume and increased mortality was shown in the HEMO study: those with the lowest interdialytic fluid retention ( ! 1.0 kg) had a survival advantage and the lowest cardiovascular death risk irrespective of confounders [31] .
In many patients, the interval between dialysis treatment sessions is too long to avoid excessive accumulation of volume, while the large weight gains make removal of the volume difficult without precipitating cardiovascular instability [27] . Consequently, the inability to attain dry weight within the therapeutic confines of three times per week HD and UF contributes to the high prevalence of hypertension among ESRD patients.
With daily UF (simulated in our study here at 6 days/ week) and conventional HD and UF 2 days/week, a statistically significant reduction in BP in the cohort of 12 hypertensive ESRD patients with no change in their medications is shown. By improving the efficiency of dialysis and minimizing the need for UF during the HD sessions, the study group achieved adequate weekly standard Kt/V 1 2.0 with only 2 HD sessions/week, and no decrease in hematocrit. Although there was a slight trend towards a worsening of the serum phosphorus, it was not significant (p = 0.54). However, it is possible that increased food intake resulted in the trend toward an increase in serum phosphorus, especially since the dose of phosphate binders was not increased during the study.
The modality of frequent dialysis sessions (FD) is an effective alternative method to treat hypertension among ESRD patients, and it provides a dramatic contrast to the depressing statistics regarding cardiovascular disease and mortality associated with less frequent dialysis. Studies have shown that over 90% of the cohort of FD patients achieved normalized BP with either short daily dialysis or long, frequent nocturnal dialysis at least five times per week; most likely because these modalities render patients euvolemic throughout the week [32, 33] . Once interdialytic ECV is effectively controlled, a virtuous cycle soon emerges: the patients feel better, they require less use of phosphate binders, lower doses of erythropoietin, and reduced usage or even complete elimination of antihypertensive medications [34, 35] . Most recently, the Frequent Hemodialysis Network trials have demonstrated that both daily and nightly dialysis reduced BP, number of antihypertensive medications, and serum phosphorous concentrations [35] [36] [37] .
The daily UF trial reported here was undertaken to investigate the preliminary validity of a new treatment modality that, in part separates solute from excess fluid removal. The study demonstrates with statistically significant results, in an appropriately powered study, that hypertension (an effect of excess fluid) can be significantly reduced without impairing (and, in fact, may improve) solute removal.
The authors recognize that a broader study, preferably using the ambulatory UF device currently in development instead of conventional equipment, would be useful in determining the effect of this approach on medications, hospitalization, morbidity, and mortality of chronic HD patients. To evaluate the long-term clinical course of such patients, predialysis values of serum urea nitrogen, creatinine, ␤ 2 -microglobulin, phosphorous, total protein, albumin, and erythropoiesis-stimulating agent dosing would also likely need to be investigated. Ambulatory BP readings would be prognostic, and would also be included in such a subsequent study.
Conclusion
We have shown for the first time that those patients in whom fluid overload was reduced towards achieving normal hydration by daily UF not only benefit from enhanced BP control but require less dialysis time/week to achieve adequate clearance of small molecules. These results (utilizing conventional dialysis equipment) suggest that application of an ambulatory UF device combined with conventional HD could be used to provide a new treatment regimen for ESRD with measurable advantages.
